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ABSTRACT 
The composition of exhaust emissions from eight in-service passenger cars powered by liquefied 
petroleum gas (LPG) and unleaded petrol (ULP) were measured on a chassis dynamometer at 
two driving speeds (60 km h
-1
 and 80 km h
-1
) with the aims of evaluating their polycyclic 
aromatic hydrocarbon (PAH) contents and investigating the effects of the type of fuel on vehicle 
performance, ambient air quality and associated health risks. Naphthalene, fluorene, 
phenanthrene, anthracene, pyrene, chrysene, benzo(a)anthracene and benzo(b)fluoranthene were 
the most prominent PAHs emitted by both ULP and LPG powered cars. The total emission 
factors of PAHs from LPG cars were generally lower than (but statistically comparable with) 
those of ULP cars. Similarly, the total BAPeq of the PAHs emitted by LPG cars were lower than 
those from ULP cars.  Multi-criteria decision making (MCDM) methods showed that cars 
powered by LPG fuel performed better than those powered by ULP fuel in term of PAH levels. 
The implications of these observations on the advantages and disadvantages of using ULP and 
LPG fuels are discussed.   
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INTRODUCTION 
Vehicle emissions have long been recognized as one of the most important 
anthropogenic sources of polycyclic aromatic hydrocarbons (PAHs) in urban air. Consequently, 
concerted efforts are being made to reduce the impact of vehicular emission on ambient air 
quality. Mitigating efforts have explored options such as regular maintenance of vehicles, 
disposal of old vehicles, traffic management, improvement of public mass transport systems, 
upgrading of roads and traffic flow, and ‘cleaner’ fuel formulations (Calvert et al., 1993). Of 
these, the use of ‘cleaner’ fuel formulation has received the most attention (see e.g Mi et al., 
2001; Chang et al., 2001; Durbin et al., 1998; Lim et al., 2005). In this regard, it is noteworthy 
that the use of liquefied petroleum gas (LPG) as an alternative to unleaded petrol (ULP) is 
receiving increasing attention (see e.g Chang et al., 2001). This is probably a logical 
development considering the following advantages of powering vehicles with LPG rather than  
ULP:  (i)  a higher octane rating, (ii) considerably lower emissions of air toxics and greenhouse 
gases (Chang et al., 2001; ALPGA, 1998; Tanaka et al., 2001, Morawska et al., 2002; Ristovski 
et al., 2005), and (iii) an appreciable reduction in the mass of particulate matter emitted 
(Morawska et al., 2002; Ristovski et al., 2005). However, only vehicles that are optimized to use 
LPG alone can offer these benefits. It is well known that LPG/ULP dual powered vehicles are 
less efficient due to the lower density of LPG compared with ULP and their slightly higher 
oxygen demand (Schifter et al., 2000). Thus, when LPG is selected to power vehicles, less air 
per cycle enters into the cylinders. This leads to a markedly reduced volumetric efficiency and a 
power rating that is lower than that attainable from ULP (Schifter et al., 2000). Despite the 
potential advantages of LPG over ULP, growth in the number of vehicles that are powered by 
LPG fuel is somewhat slower than expected. This may be due to a combination of factors, which 
may include the (i) cost of installing LPG cylinders into existing petrol powered vehicles, (ii) 
need to refuel LPG cars more regularly than their ULP counterparts, (iii) less widespread 
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number of ffilling stations that sell LPG, (iv) additional storage space that LPG cylinders take in 
cars and (v) absence of policies that promote the use of LPG in motor vehicles. 
Approximately 76.4% and 2% of the 10.6 million vehicles used throughout Australia in 
2005 were powered by ULP and LPG respectively (ABS, 2005). This represented an increase of 
29.9% since 2001 for vehicles powered by ULP. There is also a growing increase in the number 
of vehicles using LPG (ALPG, 2003; ABS, 2005). To obtain an understanding of the impact of 
the increasing use of LPG in private, official and commercial vehicles on urban air quality, the 
present study focuses on a comparative assessment of polycyclic aromatic hydrocarbons (PAHs) 
emissions from otherwise similar passenger cars that were operated on LPG or ULP. Because 
the cars are of the same age and have been in service for the same lengths of time, the influence 
of the age and distance traveled by the cars on the overall results is minimal.  
Many exhaust emission studies aimed at evaluating the profiles of PAH in the exhausts of 
ULP-powered vehicles have appeared in the literature (Durbin et al., 1998; Cadle et al., 2001; Mi 
et al., 2001; Schauer et al., 2002). Unfortunately, many of these studies used a mixture of vehicle 
models and engine types operated at widely different speeds and operating conditions. Moreover, 
the emission factors of PAH reported in these studies were either obtained using different test 
regimes or expressed in different units. For example, Schauer et al. (2002), Cadle et al. (2001) and 
Durbin et al. (1998) studied the emission of PAHs from light duty gasoline vehicles by employing 
three types of vehicular test cycles to replicate urban city driving conditions: (i) the Federal Test 
Procedure (FTP), (ii) the more aggressive driving cycle of US06 which incorporates high speed 
acceleration driving behavior and rapid speed fluctuations and (iii) REP05 driving cycles at speeds 
higher than that of FTP. Consequently, it is difficult to compare results from one ULP study to that 
of another.  
In contrast to ULP, there is a dearth of knowledge on PAH emissions from the exhaust of 
LPG powered cars. Some findings suggested that the exhaust emission of PAHs from LPG cars 
was comparable with those of gasoline cars (TNO, 1995; Miguel et al., 1998; Liu et al., 1997), 
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but direct comparison of emissions from similar LPG and ULP passenger cars is necessary. We 
report below the results of one such direct comparative study on a fleet of vehicles. To facilitate 
the comparison, all other characteristics of the vehicles were similar and the measurements were 
conducted on the same day using steady state operating modes defined by specific road speeds. 
Multivariate data analysis techniques including multi-criteria decision making methods 
(MCDM), Principal Component Analysis (PCA) and Partial Least Squares (PLS) were applied 
to the emission data in order to obtain ranking information, enhance pattern recognition and 
achieve data elucidation.  
EXPERIMENTAL METHODS 
Tailpipe sampling of LPG and ULP powered passenger cars 
Details of the emission sampling line have been described in Morawska et al. (1998). The 
primary sampling line was attached to the tailpipe of the car exhaust and an extended pipe was 
used to direct the exhaust gases away from the work area. Before sampling began, the cars were 
left to run for a few minutes until the exhaust temperature and CO2 gas concentrations had 
attained steady-state values. The dilution ratios used ranged from 7 to 46 and exhaust flow rates 
were in the range 300 to 1900 L/min. Measurements were based on variable volume sampling 
which involved diluting the exhaust gases by passing clean air through a HEPA filter into a 
dilution tunnel at a temperature below 52
0
C and using a high velocity pump (0.01 - 0.02 m
3  
 
min
-1
) to draw particle-phased and vapour-phased PAHs into a Gelman glass fibre filter (47 mm) 
held in a polycarbonate filter holder and connected in tandem with a glass cartridge containing 7 
grams of Amberlite XAD-2. Each sampling cycle lasted approximately 10 minutes. 
Using the above set up, exhaust emissions from a vehicle fleet that consisted of eight 
new Ford Falcon Forte passenger cars (six LPG powered cars and two ULP powered cars) were 
measured on a chassis dynamometer during three repetitive tests conducted in June, August and 
November 2001. The average odometer reading of the cars was 12000 km in the beginning of 
the June measurement and 21000 km at end of the November measurement. To reduce errors 
 6 
due to differences in the qualities of fuels from different service stations, fuels were purchased 
from the same service station throughout the study. Two steady-state cycle modes adapted from 
the US EPA Final ASM Test Procedure Documentation (US EPA, 1996) and defined as 60 km/h 
(mode 2) and 80 km/h (mode 3) were employed for the emission measurements. In addition to 
the exhaust samples, samples of the lubricating oil from each car were obtained during the last 
test and examined for their PAH compositions. Other information such as exhaust pipe 
temperature, fuel characteristics and the emission factors of particle number (PN), particle mass, 
CO2, and NOx were also obtained for these cars. Details about some of these parameters are 
available in the literature ( Ristovski et al., 2005). 
Chemical Analysis of PAHs 
Immediately after the sampling, the filters and XAD samples were wrapped in aluminum foil 
and stored at -15
o
C prior to sample pretreatment and chemical analysis. Sample pre-treatment 
involved an extraction procedure, which is summarized as follows. Each filter was extracted 
three times with a 2:1 (vol/vol) mixture of dichloromethane and hexane in an ultra-sonic bath. 
Each  extraction cycle lasted thirty minutes and after the extraction, each extract was cleaned by 
passing it through a column packed with silica SepPak mesh no. 60, topped with 1 cm of 
anhydrous sodium sulfate to remove sampling artifacts. The volume of the resulting eluant was 
reduced to about 5 cm
3
 on a rotary evaporator maintained at 36
o
C and then further reduced to 1 
cm
3 
by using a gentle flow of high purity nitrogen. Field and laboratory blank samples were 
similarly treated.  
Chromatographic analyses of the extracts were carried out on a HP 6890 GC FID fitted 
with a Restek-5MS capillary column (30.0m x 0.32mm x 0.25µm) using guidelines from 
NIOSH method 5515 (NIOSH, 1994) and the California Environmental Protection Agency 
Method 429 (California EPA, 1989).  The following oven temperature program was used: initial 
temperature was set to 80
o
C for 4 min,  then increased to 320
o
C at a rate of 10ºC/min and kept at 
320
0
C for 10 min. QTM standard PAH mix in dichloromethane was used as supplied by Supelco 
 7 
for the quantification of 2-bromonaphthalene (BNAP) and the following US EPA Priority 
PAHs: naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), 
phenanthrene (PHE), anthracene (ANT), benzo(a)anthracene (BAA), chrysene (CHR), pyrene 
(PYR) and fluoranthene (FLT), benzo(a)pyrene (BAP), dibenzo(a,h)anthracene (DBA), 
benzo(b)fluoranthene (BBF), indeno(1,2,3-cd)pyrene (IND) and benzo(g,h,i)perylene (BGP). 
Under the conditions used for the analysis, CRY and BAA eluted together while IND and DBA 
also co-eluted. Therefore, the sums of the concentrations of these PAHs were used in subsequent 
discussion.  
Quality Assurance Measures 
All organic solvents used were of analytical reagent grade and were obtained from Sigma-
Aldrich. Prior to sampling, the glass fibre filters were cleaned three times (thirty minutes each 
time) in dichloromethane using an ultra-sonic bath and baked in a muffle furnace at about 250
o
C 
to eliminate trace organic contaminants that may be present. The clean filters were then wrapped 
in an aluminum foil that has been rinsed with hexane, kept in a clean plastic bag and stored in a 
freezer until required. Bulk Amberlite XAD-2 and glass wool were also extracted with 
dichloromethane for thirty minutes in an ultrasonic bath. XAD-2 was dried in 21 cm long x 3.5 
cm ID glass tubes by passing high purity nitrogen gas at 67
o
C through the tubes overnight. The 
glass wool was dried in an oven at 120
o
C. XAD-2 cartridges were subsequently stored in a 
sealed bag at -15
o
C until required. Field blank filter papers and XAD-2 tubes were also stored 
and extracted using the procedures described above. 
Recovery rates of standard anthracene-d10 from spiked glass filters and XAD-2 ranged from 
80% to 115%. Quantification of the analytes was undertaken by comparing the retention times 
and peak areas to the external calibration of the QTM PAH standard mix. To document an 
acceptable capillary column performance, continuing calibrations for all PAHs were performed 
after the analysis of every 10 samples by analyzing the same volume of a mid-range PAH 
calibration standard (California EPA, 1989). Relative response factors of each PAH were 
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assured to within 30% of the mean values established from the initial calibration. Detection 
limits of the PAHs were less than 44 ng and 50 ng per glass filter and XAD-2 sample 
respectively. Replicate determination of a standard PAH and a few selected samples agreed to 
within 3% of each other. 
Emission factor calculation 
Emission measurements are usually articulated as task-based emission factors or as emission 
rates. In the former, the task may be the distance traveled or the work done by the vehicle. 
Therefore, emission factors are reported as mass (ug or mg) per distance traveled (km
-1
), or per 
unit work done (kWh)
-1
 or (bhp-hr)
-1
 (where bhp-hr is brake horsepower - hour). Alternatively, 
emission rates which express the amount of pollutants emitted per unit time may be used, for 
instance, mass min
-1
. In order to compare results from this study with those from other studies, 
the mass km
-1
 unit was employed in the current work by using the chromatographic results, 
exhaust flow rate and the dynamometer vehicle speed. Although some measurements were made 
at idle mode, results at this speed could not be expressed as emission factors. Therefore, results 
at idle mode are not discussed in this paper. 
DATA ANALYSIS 
Toxicity assessment 
Investigation of PAH emission will be incomplete without assessing the carcinogenic potency of 
individual PAH in the exhaust emissions. International Agency for Research on Cancer (IARC) 
has classified BAP, BAA and DBA as probable (2A),and BBF, IND, NAP and BKF as possible 
(2B) human carcinogens while all other PAHs are currently not regarded as ‘not classifiable’ 
(IARC, 1987). Because toxicity criteria are not available for all PAHs, various toxicity 
equivalency factors (TEFs) have been proposed in order to relate the potencies of these 
compounds to that of BAP, which is regarded as one of the most carcinogenic PAHs. But the 
one proposed by Nisbet and LaGoy (1992) is the most widely used (see e.g. Petry et al., 1996; 
Mi et al., 2001). In this paper, the toxicity potencies (BAPeq) of each PAH was determined by 
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multiplying the emission factors of the PAH with its Nisbet and LaGoy (1992) toxicity 
equivalent factor.  The total BAPeq for emission at each mode was then obtained by the summing 
up the BAPeq for every PAH found in the exhaust at that mode. 
PROMETHEE and GAIA 
One of the objectives of this study was to compare emission factors of PAHs from cars in terms 
of the types of the fuels used to power the cars and the engine operating parameters. To achieve 
this, the MCDM procedures, Preference Ranking Organisation METHod for Enrichment 
Evaluation (PROMETHEE) coupled with Graphical Analysis for Interactive Assistance (GAIA), 
were applied to data matrices consisting of PAHs emission factors and other chemical and 
physical variables encountered in the study. Mathematical treatments of PROMETHEE and 
GAIA procedures have been discussed in details earlier (Espinasse et al., 1997; Ayoko et al., 
2003; Ayoko et al., 2004). In summary, PROMETHEE facilitates the ranking or ordering of 
objects (car exhaust samples) according to the preference and pre-selected weighting conditions 
applied to the variables (the emission factors of PAHs and other chemical and physical 
characteristics). Application of the procedure involves several steps, which are outlined below. 
(A) One of the six preference functions P(A,B) provided by PROMETHEE is selected to 
describe how object A is preferred over object B or vice-versa.  
(B) Once the preference function has been selected and it has been specified whether 
higher or lower variable values are preferred by choosing to ‘minimise’ or to 
‘maximise’ each variable, all objects are compared pairwise in all possible 
combinations and this results in a difference, d, for each comparison.  
(C) Positive (φ 
+
 ) and negative ( φ 
-
 ) outranking flows are computed where φ 
+
 expresses 
how an object outranks all others while φ 
-
 indicates how an object is outranked by 
all the other objects.  
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(D) A complete ranking order known as PROMETHEE II is achieved by calculating the 
net outranking flow, φ = φ
+
 - φ
-
 such that the higher the value of φ for an object, the 
higher its rank order.  
(E) To display the PROMETHEE results visually, GAIA biplots, which reduce a large 
number of variables into two principal components (PCs), are constructed. The 
primary purpose of GAIA is to show how the objects relate to one another and to the 
variables and how variables relate to each other. In addition, it displays the decision 
axis, π, which assists in the selection of the most preferred objects. The GAIA results 
obtained in this work were interpreted according to the guidelines explained by 
Espinasse et al. (1997) and summarized as follows: (i) the longer a projected vector 
for a variable, the more variance it contains, (ii) independent variables have almost 
orthogonal vectors, (iii) variable vectors oriented in the same direction are correlated 
while those oriented in opposite directions are conflicting, (iv) objects projected in 
the direction of a particular variable are strongly related to that variable, (v) 
dissimilar objects have significantly different PC coordinates while similar objects 
appear as clusters and, (vi) if the decision vector, π, is long, the best objects are those 
found in that direction and vice versa.  
There are several advantages in using PROMETHEE and GAIA for the present data. Firstly, 
they provide ranking information based on the PAH exhaust emission factors of the cars. 
Secondly, the presence of the decision axis in GAIA, facilitates and reinforces the quality of the 
decision making process. Thirdly, PROMETHEE is a non-parametric method that is applicable 
to data matrices containing a few objects (Ayoko et al., 2004). 
RESULTS AND DISCUSSION 
Characterization of exhaust PAH emissions  
The results obtained in this study together with those from selected studies in the literature are 
presented in Table 1.  It is evident from the results that large variations in the emission factors of 
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cars fuelled by the same type of fuel are encountered in the study. Such appreciable variations 
have been noted previously in emission studies involving light duty vehicles (e.g. Chang et al., 
2001) as well as heavy duty vehicles (e.g Shah et al., 2005) and may be attributed to varying 
engine conditions such as tuning and differences in the combustion conditions.  
NAP, FLU, PHE, ANT, PYR, CRY, BAA and BBF are the most prominent PAHs 
emitted and the emission factors of these PAHs were generally higher in the ULP cars than in 
their LPG counterparts. Similarly, the ULP cars usually have higher total PAH emission factors 
in each mode than their LPG analogues. This is consistent with the observation made by Durbin 
et al. (1998), which showed that the average emission factors of the individual PAHs for ULP 
powered cars are several orders higher than those fuelled by reformulated gasoline (RFG).  
Durbin et al’s results were rationalized in terms of the aromatic contents of RFG (18% to 25%) 
which are lower than that of ULP (up to 42% aromatic compounds, including a fraction of 
alkylated PAHs). These aromatic compounds were thought to be converted into non-alkylated 
PAHs through thermal and catalytic processes in the engine to give elevated PAHs emission 
factors. Marr et al. (1999) have also demonstrated that the emission factors of PAHs in light-
duty vehicles are generally consistent with the fuel aromatic contents. Therefore, the differences 
in the emission factors of the ULP and the LPG cars may be due to the virtual absence of 
aromatic compounds in LPG.  
Higher molecular weight PAHs, which are not present in the fuels are observed in the 
exhaust emissions and this suggests that pyrosynthesis of PAHs occurred and that the lubricant 
might be playing an important role in type and quantity of PAHs emitted from these cars. 
Further comments on the possible role of the lubricating oil are elicited below. 
Effect of lubricating oil on the PAH emission 
The pronounced emissions of high molecular weight PAHs such as CRY and BAA may be due 
to the presence of significant amounts of PAHs in the lubricating oils (Table 1). Pedersen et al. 
(1980) found that (i) doping BAP into a blended fuel doubled the exhaust emission of BAP from 
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a gasoline engine, while no significant change was observed for ANT, FLT, PYR, BAA and 
BGP, and (ii) accumulation of PAHs in the lubricant oil was linearly related to their emissions. 
It is known that, compared with their diesel counterparts, the higher molecular weight PAH 
contents of gasoline lubricating oils are high (Zeilinska, et al, 2004). In addition, according to 
Collier et al. (2000), lubricating oil tends to act as a sink for surviving and combustion derived 
PAHs.  It is therefore probable that the lubricating oils make some contributions to the PAHs 
found in the exhausts of the current vehicles.  The emission factors of BAP obtained in the 
current study do not completely reflect the comparative levels of BAP in the lubricating oils, but 
it is noteworthy that compared to the ULP cars, the lubricating oil in the LPG cars (in Table 1) 
contained lower concentrations of two-, three- and four- ringed PAHs.  
Effect of speeds 
Generally, emission factors of most of the PAHs were higher at lower speeds than at higher 
speeds i.e the average emission factors of the PAHs decreased from mode 2 to mode 3 in both 
types of vehicles. Although the differences in the emission factors at these modes are not 
statistically significant, lower combustion efficiency which is often associated with lower 
combustion temperature, occurs at the lower mode. Figure 1 shows the total emission factors for 
Car 1 during the three tests and this illustrates that the change from mode 2 to mode 3 appears to 
reduce the exhaust emission of PAHs.  A similar observation was made for other cars in this 
study and also by Zielinska et al (2004) for their study of the emission rates from in-service 
diesel and gasoline powered vehicles. This is probably because the decomposition of the PAHs 
increases with temperature and speed, in keeping with the observation of Chen et al. (1998) and 
Zielinska et al, (2004). In addition, it is also noteworthy that Chen et al (1998) showed that with 
or without a catalytic converter higher PAH emission factors are obtained at lower speeds, 
possibly due to lower volatility of fuel and poor air/fuel mixing at lower speeds.  
The evaluation of the carcinogenicity of the exhaust PAHs 
The lighter PAHs exist predominantly as gases while, depending on their molecular masses, the 
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heavier ones exist as gases and particles or exclusively as particles. Although the lighter PAHs 
are the most abundant and most commonly encountered in urban air, it is their heavier 
counterparts that have been associated with adverse health effects. For example, benzo(a)pyrene 
is a carcinogenic material (IARC, 1987) while benzo(a)anthracene, pyrene and benzo(a)pyrene 
induce estrogenic activities (Clemons et al., 1998). Therefore, it is no longer adequate to 
examine and discuss the spatial and temporal distribution of PAHs. A method that would aid 
quantitative assessment of the risk posed by these emissions must be devised. Such a method 
could also be applied in reverse to facilitate the identification of the relative toxicity of 
individual PAHs from a database that contains human exposure-response information. WHO 
(1998) stated that the levels of PAHs found in the exhaust emission of petrol powered vehicles 
are generally low and that any variation among samples is probably not large enough to alter the 
estimated risk. Consequently, the level of benzo(a)pyrene is deemed to be a good predictor of 
the levels of the other PAHs.  In keeping with this, TEFs of PAHs (Nisbet and LaGoy, 1992) 
have been used in this study to calculate BAPeq emission factors and to assess the human health 
risk associated with exposure to PAHs emitted from the exhausts of ULP and LPG fuelled cars. 
Table 2 shows that in modes 2 and 3, the total BAPeq emission factors for LPG cars are lower 
than those for ULP cars. This suggests that cars running on LPG are likely to produce less toxic 
effects than those powered by ULP. However, the fact that the total PAH emission factors for 
the ULP cars are higher in mode 3 than mode 2 while the BAPeq in both modes are similar, 
reinforce the need to assess exposure risk on the basis of the potential toxicities of the emitted 
PAHs rather than the magnitude of the PAH emission factors.  
 
PROMETHEE ranking of the emissions from the cars 
A complete PROMETHEE II ranking of the emissions from the cars was performed on a matrix 
that consisted of the PAH emission factors (as variables) and cars operated at modes 2 and 3 (as 
objects). The variables were “minimised” (ie lower values are preferred) in keeping with the 
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premise that a car with lower PAH emission is more environmentally friendly and the results 
obtained are presented in Table 3.  A close look at the table reveals that cars powered by LPG 
outranked those powered by ULP. This observation reinforces the results presented earlier, 
which suggested that the use of LPG in place of ULP could reduce PAH emission from cars.   
PCA and PLS analysis 
A data matrix, containing 15 objects and 21 variables, was auto-scaled and cross-validated 
during which an outlier was removed. (The objects were the LPG and ULP cars operated at 
different modes while thirteen of the variables were the PAH emission factors of the cars.) In 
order to gain a global view of the relationship between the PAH emission factors and the 
emission factors of other pollutants such as NOX, CO2, particle mass and particle number as well 
as the particle count median diameter (CMD) and exhaust temperature measurement results 
obtained  for these sets of cars were also included as variables in the matrix. An exploratory 
PCA was then performed on the matrix and the PC1 vs PC2 loadings and scores plots are shown 
in Figure 2. The loadings plot showed that there is a strong correlation among the speed and 
FLU on one hand and speed and emission factor for NOx on the other. This suggests that an 
increase in speed leads to an increase in the measured values of these FLU and NOx. However, 
these parameters are negatively correlated with particle count median diameter (CMD), IND, 
DBA, PHE, ANT and CO2, which have high positive PC1 loadings.  
It is also noteworthy that most of the PAHs either have high positive or negative PC2 
loadings or are positively correlated in other PAHs with similar numbers of rings. For example, 
the heavier molecular weight PAHs such as IND, DBA and BGP have positive PC2 loadings 
while the lighter PAHs like NAP, ACY, ACE and 2-BNAP have negative PC2 loadings. This 
observation suggests that those PAHs which correlate strongly with each other may have similar 
origins in the exhausts.  
The scores plot shows that the cars operated at mode 3 predominantly have negative PC1 
scores while those operated at mode 2 mainly have positive PC1 scores. However, there was no 
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significant distinction between the PAH emission factors of ULP and LPG cars on this PC. 
These results suggest that the cars are more discriminated on the basis of the operating 
conditions of the engines rather than on fuel properties. Therefore, it may seem plausible to 
expect that changes in engine operating conditions might affect emissions more drastically than 
changes in the fuel properties.  
In order to investigate the connection between the engine operating parameters and the 
emission factors further, PLS modeling was performed on the data. Variables such as speed and 
the exhaust temperature were used as the X-variables and the pollutant concentrations as the Y-
variables. The results obtained showed that the inner relationship of the Y-block PLS scores (u1) 
versus the X-block scores (t1) is interpreted; the PLS correlation coefficient is 0.71 at a 95% 
confidence level as shown in Figure 3. In addition, when Y = PN, FLT, BAA, CRY, CO2, NOx 
and CMD, the fraction of Y-predicted, Q
2
, was usually higher than 0.50. The goodness of a PLS 
model is assessed by the value of the regression coefficient, R
2
, while the goodness of the 
prediction obtained from a PLS model is judged by the value of the cross-validated Q
2
,
 
where Q
2
 
= (1-PRESS/SStot
 
); PRESS = prediction error sum of squares and SStot = total sum of squares; 
the higher the value of Q
2
 , the better the quality of the model. Generally, Q
2
 in excess of 0.3 can 
be interpreted, Q
2 
greater than 0.5 is associated with a good model while Q
2
 is greater than 0.9 
for an excellent model (Pommer et al, 2004; Sun, 2004). Thus the current results indicate that 
the relationship among speed, exhaust temperature and the emission factors for the pollutants are 
sufficiently strong for these engine operating parameters to be used to model and predict the 
emission of pollutants from these cars. But most other PAHs like BAP, PHE, CHR, PYR, ANT, 
NAP, ACE and ACY cannot be predicted confidently from these engine operating parameters. 
For such PAHs, other factors like fuel PAH and aromatic contents may be more important in 
predicting the type of pollutants emitted and their emission factors. This suggestion is 
strengthened by a study that reported the existence of a direct association between fuel PAHs 
and exhaust emission of PAHs (Westerholm and Li, 1994). 
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Implication for future use of ULP and LPG fuels 
This paper provides additional insights into the current understanding of the exhaust emissions 
of PAHs from passenger vehicles. It showed that the PAH emissions from LPG cars are lower 
than those from ULP cars and that the potential carcinogenic effects of PAHs emitted by LPG 
cars is lower than those from ULP cars. However, the differences are not always statistically 
significance owing to the large variation in emissions from different vehicles powered by the 
same type of fuel. When the results of the PAH emission study is considered alongside those 
from a complimentary study of the emission of particle and CO2 from these set of cars 
(Ristovski et al., 2005), and the higher octane number and cheaper cost of LPG than ULP are 
taken into account, it is palpable that widespread use of LPG in motor vehicles could improve 
urban air quality and reduce exposure to noxious airborne pollutants. Studies on a much larger 
fleet would be needed to obtain more statistically significant comparisons of emissions from 
vehicles powered by the two types of fuels.   
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Table 2 
 
 LPG cars  ULP cars 
 mode 2 mode 3  mode 2 Mode 3 
NAP 0.060 ± 0.069 0.057 ± 0.048  0.607 ± 0.852 0.494 ± 0.688 
ACY 0.003 ± 0.001 0.003 ± 0.002  0.004 ± 0.001 0.006 ± 0.002 
ACE 0.002 ± 0.002 0.002 ± 0.002  0.007 ± 0.001 0.004 ± 0.000 
FLU 0.013 ± 0.011 0.008 ± 0.012  0.008 ± 0.008 0.022 ± 0.002 
PHE 0.155 ± 0.119 0.108 ± 0.110  0.124 ± 0.021 0.149 ±  0.026 
ANT 0.443 ± 0.758 0.132 ± 0.089  0.369 ± 0.238 0.310 ± 0.187 
FLT 0.005 ± 0.004 0.014 ± 0.028  0.054 ± 0.067 0.004 ±0.005 
PYR 0.028 ± 0.045 0.015 ± 0.022  0.090 ± 0.127 0.008 ± 0.010 
BBF 3.510 ± 2.916 2.109 ± 1.784  2.336 ± 3.304 1.872 ± 1.820 
BAP 10.475 ± 10.414 6.582 ± 6.915  13.367 ± 16.853 14.477 ± 12.030 
BGP 0.054 ± 0.097 0.077 ± 0.110  0.076 ± 0.107 0.074 ± 0.087 
Total 14.748 ± 10.842 9.108 ± 7.144  17.042 ± 17.198 17.421 ± 12.188 
 
 
 
 
 
 
 
 
Table 2: Average BAPeq ± SD of the PAH emission factors (in µg km
-1
) from  the cars. 
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 Table 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*The numeral next to C indicates the number of the car while M denotes mode and the 
numeral next to it indicates the mode; e.g. C2M3 = car 2 mode 3. 
 
Table 3: PROMETHEE II complete rank order for the cars powered by LPG and ULP. 
 
 
 
Rank Car/mode* Net outranking flow, φ Type of fuel 
1 C2M3 0.13 LPG 
2 C6M3 0.08 LPG 
3 C1M3 0.06 LPG 
4 C3M3 0.05 LPG 
5 C2M2 0.05 LPG 
6 C3M2 0.05 LPG 
7 C5M3 0.04 LPG 
8 C5M2 0.02 LPG 
9 C1M2 0.01 LPG 
10 C4M3 -0.01 LPG 
11 C6M2 -0.03 LPG 
12 C8M3 -0.04 ULP 
13 C7M3 -0.10 ULP 
14 C7M2 -0.14 ULP 
15 C8M2 -0.17 ULP 
 25 
 
Figure Captions 
 
1. Total PAH emission factors obtained for car 1 during the three tests (emission factors in 
mode 2 and 3 are represented by unfilled and filled bars respectively). 
 
2. PCA (a) loading and (b) score plots of PC1 vs PC2 for ULP (♦)and LPG (■)cars  
 
3. PLS plot of variable u1 (Y-block) versus variable t1 (X-block) for the ULP and LPG cars  
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